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Introduction
Because dielectric lens antennas realize high aperture efficiency, they are often used as highly efficient directional antennas [1] - [4] . As a lens for the lens antenna which converges the main beam, the extended hemispherical lens [1] , [3] and spherical lens [2] , [4] have been proposed. It is expected that not only a directional antenna with a narrow beamwidth but also a fan beam antenna with a wide angle can be realized if it is possible to realize desired radiation patterns merely by loading the dielectric lens. However, there has been no systematic design method to realize the lens antenna which has the desired beam pattern.
The topology optimization is promising method as a dielectric shape design method required for designing the lens antenna mentioned above. There are some prior studies on the topology optimization in the field of antenna and propagation. For example, the topology optimization based on the adjoint variable method (AVM) and density method has been shown effective for design of dielectric resonator antennas (DRA) [5] . This optimization method works fast because it is based on the deterministic method which needs relatively small function calls for field computations. However, the deterministic search falls into local minima depending on the initial guess if the landscape is Manuscript received February 15, 2018. Manuscript revised May 31, 2018. † The authors are with National Institute of Technology, Akita College, Akita-shi, 011-8511 Japan.
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a) E-mail: itok@akita-nct.ac.jp DOI: 10.1587/transele.E101.C.784 multimodal. In others, the topology optimization of the optical waveguide devices has been reported [6] . In [6] , the topology optimization of the refractive index distribution by the density method is performed, and the function expansion method using Fourier series is introduced to eliminate the gray area. While the desired property can be obtained with this method, the sensitivity analysis is required to optimize the parameters of the basis function.
In this study, due to design a 3D dielectric lens for antenna, the topology optimization based on the On/Off method is adopted in conjunction with the finite difference time domain (FDTD) method. In this method, the FDTD cells in the design region has one of the two states: the dielectric and air. For this reason, the gray level is not appeared. Moreover, we determine the cell state using the genetical algorithm (GA). Thus, the proposed method does not only require the sensitivity analysis, but also enjoys high search ability being independent from the initial guess. It is known that the On/Off method tends to result in complicated resultant shapes sometimes including checker board patterns, for which we have difficulties in manufacturing actually [7] . This problem comes from the fact that the cell states are independently determined. It has been shown that this problem can be relaxed by using the normalized Gaussian network (NGnet) [8] in the optimization of electric motors. In this method, the cell states are no longer independent but are determined from the value of the shape function represented by the NGnet. We adopt here NGnet for the 3D optimization of lens antenna. The topology optimization based on the NGnet and stochastic algorithm has never been applied to three-dimensional problems.
In this paper, we show that the present method is effective for three-dimensional design problems, especially design of three-dimensional dielectric antennas. The present method has advantages over the conventional method: it employs GA which scarcely depends on the initial guess and also it easily finds the distribution with holes. As a design example, the shape of the small dielectric lens loaded on a waveguide slot antenna is optimized to narrow the beamwidth of the main beam. The FDTD cell states, {dielectric, air}, in the design region are determined by GA so that the beamwidth becomes minimum. Then a dielectric lens is manufactured on the basis of the optimized result and its property is compared with the computed results.
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Topology Optimization Method

On/Off Method Based on NGnet
In the general topology method, as shown in Fig. 1 , the elements are usually set individually. In contrast, the On/Off setting method using a Gaussian function with suitable variance is expected to ease the grouping of several elements. The outline and the flow of the On/Off method based on the NGnet are presented in Fig. 2 [9] . As an example, the case in which three Gaussian functions G(x) are arranged linearly on the x axis, as shown in Fig. 2 (a), is described. First, as shown in Fig. 2 (b) , the normalized Gaussian function b(x) is calculated for input x. The range of b(x) becomes [0, 1] because it is normalized by the sum of the Gaussian func-
Finally, if the variance is chosen appropriately, then output y(x) is presumed to change smoothly with respect to input x, as shown in Fig. 2 (c) .
Using the obtained output y(x), On/Off states are set as follows: x is "On" when y(x) ≥ 0; x is "Off" when y(x) < 0. The Gaussian function G k (x), the normalized Gaussian function b i (x), and the output y(x) are defined as follows. 
Therein, x is position vector, w i is the weighting coefficient, N stands for the number of the Gaussian functions, D signifies the dimension of input x, and µ k and Σ k respectively denote the center vector and the covariance matrix of the Gaussian function k. Three of w i , µ k , and Σ k are the parameters which should be optimized.
Topology Optimization Using NGnet
In this study, we choose to optimize only the weighting coefficient among three parameters, expecting the solution to converge easily. To optimize the weighting coefficient, an evolutional calculation method is adopted: the micro genetic algorithm (μGA) [4] , [10] . In this optimization, the weighting coefficient is treated as the gene in the μGA. To obtain a smoother lens shape, the gene is given not as the bit-coded type but as the real-coded type.
The objective function OF of the μGA is evaluated using FDTD calculations. The number of individuals is set to 5. As the generation progressed, it is presumed that the absolute value of the weighting coefficient exceeds 1 by crossover. Therefore, the weighting coefficient in each generation is normalized so that its range is always modified to [−1, 1].
3D Topology Optimization of Dielectric Lens
Analysis Model
As shown in Fig. 3 , the lens design region is placed on the aperture of the 1-slot type waveguide slot antenna. The relative permittivity in the design region is 2.2 in the case of the dielectric and 1.0 in the case of air. The Gaussian basis, which is 3×3×3 case, is arranged in 3D as shown in Fig. 3 (b) . The analysis conditions are presented in Table 1 .
To improve the directivity by the dielectric lens, the dielectric lens shape is optimized to minimize the main beam beamwidth. Although to evaluate the beamwidth requires the far field calculation [11] , the computational load becomes high. In addition, the μGA is known to require a long calculation time. To resolve this calculation cost problem, the proposed optimization is calculated using a super- computer system (SR16000/M1; Hitachi Ltd.) at Hokkaido University.
Optimization Results
In this section, we examine a suitable number of Gaussian bases. To reduce the calculation time, the far field radiation patterns is calculated from calculation results of the near field. By calculating −20 dB beamwidth BW H and BW E from the H-plane and E-plane far field radiation patterns, the sum of both beamwidths is set as the objective function OF.
The relation between the number of the Gaussian basis and the convergence speed of the OF is examined by changing the number of bases. The variance value Σ is also appropriately changed according to the number of bases. As shown in Fig. 4 , the changes in the OF show that, when the number of bases is 3×3×3 or more, the solution converges sufficiently. In addition, as the number of bases increases, the lens shape can be expected to become more complicated, but the convergence speed becomes slower.
Design of Narrow Angle Lens
Based on the discussion presented above, the design of the narrow angle lens is performed. The topology optimization in case of 4×4×4 bases is calculated up to 1000 generations. The far field radiation patterns are calculated according to [11]. The objective function OF is set to the sum of the −10 dB beamwidth BW H and BW E . The narrow angle lens design is realized to minimize OF. The calculation time took about 17 hours when using the supercomputer system.
Generally, it is considered that the symmetric lens shape is easy to manufacture in comparison with the asymmetric lens shape. Therefore, On/Off state setting using the NGnet is also performed only for a quarter region, as shown in Fig. 5 . On/Off states in other regions are set by copying of the original region. In both topology optimizations of the full 4×4×4 bases model and a quarter basis model, the variance value is set to Σ = 0.0022. Figures 6 and 7 show both far field radiation patterns with the optimized lenses. For comparison, the radiation patterns with the conventional lens are also shown. The beamwidth with both topology optimized lenses are greatly improved in the E-plane. The beamwidth of each lens is presented in Table 2 . These results show that the beamwidth with the topology optimized lenses is reduced to about half of that without a lens, and to about 15% of that with conventional lenses. It is observed that the far-field radiation patterns with the topology optimized lens have little chenges in the frequency range from 11.8 to 12.2 GHz.
As shown in Fig. 8 (a) , the lens shape for the case of 4×4×4 bases model becomes asymmetrical. In contrast, as shown in Fig. 8 (b) , the symmetrical shape and the narrow beamwidth are obtained for the case of a quarter basis model, which shows that the proposed method has good design ability. In addition, the reflection coefficient S 11 and the transmission coefficient S 21 of each conditions are summarized in Table 2 . When loading the lens, it is found that S 11 and S 21 are changed. Among all lenses, both coefficents in case of a quarter basis model are close to those without the lens as compared with other lens antennas, because this lens is not touch the slot, as shown in Fig. 8 (b) . 
Beam-Forming Using Multi Objective Optimization
Optimization Results
Next, for radar applications, the narrow angle lens design for only the H-plane is performed. When only the Hplane beamwidth is minimized, the side-lobe level is enhanced. Therefore, the side-lobe suppression scheme is also required. It is necessary to satisfy two objective functions of minimizing −10 dB beamwidth BW and maximizing the side-lobe level ratio S LL, which represents the absolute value of the difference between the maximum value of the main-lobe and the maximum value of the side-lobe, as shown in Fig. 9 . the multi-objective optimization using a quarter basis model is conducted according to the following objective function.
In that equation, w is a weighting coefficient; BW 0 and S LL 0 are reference levels: BW 0 is set to the beamwidth without lens, and S LL 0 is set to 1.0. In Fig. 10 , OF 1 and OF 2 respectively denote optimization results with w = 0.0 and w = 0.1. Optimization of the side-lobe level is not considered in OF 1 . The E-plane far field radiation patterns with both optimized lenses are almost identical. In contrast, the side-lobe level in the Hplane far field radiation patterns is drastically different. The S LL of OF 2 is improved from 8.34 dB to 20.80 dB as compared with S LL of OF 1 . The relation between BW and S LL for each weighting coefficient w is shown in Table 3 , which shows that a tradeoff relation between BW and S LL.
Optimization results reveal that the proposed method can realize beam-forming of the antenna. In addition, the symmetrical shapes are obtained, as shown in Fig. 11 . The topology optimized lens in Fig. 11 (a) is not observed the hole inside the lens. Figure 11 (b) , on the contrary, shows that the topology optimized lens has a hollow structure in the center and a concave structure on the top. In the next section, we consider the relationship between the shape of the topology optimized lens and the radiation properties.
Consideration
To discuss the shape of the topology optimized lens, we analyze the phase delay in the dielectric region. Figure 12 shows the cross section of each lenses and analysis planes #1 to #4 in which the phase delay is calculated. By calculating the phase delay from the reference in the dielectric region, the wavefront in each analysis planes can be presumed. In addition, by comparing with the phase delay in the extended hemispherical lens, which is the conventional lens, we clarify the features of the topology optimized lens. As shown in the analysis plane #2 in Fig. 13 , wavefronts of both lenses become substantially spherical wave. In the extended hemispherical lens, the phase delay around the lens center in the analysis plane #3 becomes large. Finally, since the phase delay in the analysis plane #4 becomes uniform as compared with that in the analysis plane #2, it is confirmed that the convergence effect is obtained. In contrast, in the topology optimized lens, the equiphase plane is observed over the range of ± 10 mm in both analysis planes #3 and #4. As a result, since the parallel wavefront is obtained, it is considered that the high directivity is realized in the topology optimized lens.
Next, the modified lens which is filled with the dielectric in the concave of the topology optimized lens, as shown in Fig. 12 (c) , is modeled, and the phase delay is calculated, as shown in Fig. 13 . In the analysis plane #4 without the concavity, it is found that the wavefront combining the convergence wavefront in the lens center and the divergence wavefront in both lens edges is observed. The H-plane far field radiation patterns with all lenses are shown in Fig. 14. The beamwidth of the main lobe in case of the modified lens without the concavity is almost the same as that in case of the topology optimized lens. However, it is found that the side lobe level with the modified lens enhances than that with the topology optimized lens.
Therefore, it is considered that the convergence effect by the hollow structure contributes the narrow beamwidth. Since the concave structure uniformizes the wavefront, it is expected to decrease the side lobe level. 
Manufacture and Measurement
To confirm the effectiveness of the proposed method, the manufacture of the topology optimized lens and the far field radiation patterns measurement were carried out. Since the shape of the topology optimized lens becomes complex, the manufacture using the 3D printer is effective and low cost. FDM (fused deposition modeling) type 3D printer (MU-TOH MF-500) and PLA (polylactic acid) as the filament material were used in this study. The design result to manufacture is recalculated by changing the relative permittivity, which is set to 2.6 assuming PLA. The objective function is same as the Eq. (4).
Due to manufacture the design results, it is necessary to convert the voxel data to the STL (standard triangulated language) format, which is one of data format of 3D CAD. Figure 15 (a) and (b) show the 3D display of the voxel data by the OpenGL and the 3D CAD viewer display by the STL format which is converted from the voxel data. The photograph of the topology optimized lens which was manufactured by the 3D printer is shown in Fig. 15 (c) . Although the fabricated lens has some unevenness, it is reproduced faithfully based on the design data. The fabrication time was about 25 minutes. To prevent unnecessary voids into the lens, the deposition pitch is set as finely as possible.
The measurement results of the H-plane far field radiation patterns in case of the slot antenna loaded with the fabricated lens is shown in Fig. 16 . For comparison, the radiation patterns without lens is also shown. Since the measurement results are in good agreement with the calculation results, it is found that the fabricated lens exhibits the performance as designed. By the manufacture and the measurement, it is shown that the proposed topology optimization method can design the dielectric lens shape, which is easy to manufacture. In addition, even with the complicated shape such as the hollow structure, it is possible to manufacture by the 3D printer.
Conclusion
We have applied the 3D topology optimization using the NGnet to the dielectric lens design for the slot antenna and have demonstrated that the proposed method has sufficient design performance. Especially, It is remarkable that the optimal lens has a hole in its inside. It would be difficult to find this kind of structure by designers and conventional optimization methods. The proposed method is applicable not only to the narrow angle lens but also to various applications such as a wide angle lens. The optimized results obtained by using a quarter basis model have shown symmetrical shapes, which can be manufactured by the 3D printer.
Future works will include the speed up of the proposed method and the application to the higher frequency device such as the millimeter wave antenna, the optical device, and so on.
